A new spiro-centered thermopolymerizable fluorinated macromonomer is reported here. This fourfunctional macromonomer is synthesized by a convergent strategy, and shows a low melting point (93 C) and good solubility in the common organic solvents. When heated to a high temperature, the macromonomer converts into a cross-linked network (PD 1 ), which exhibits a T g of near 316 C and a 5% weigh loss at a temperature of 417 C in N 2 . PD 1 also shows a low dielectric constant (D k ¼ 2.58 at 30 MHz) and high hydrophobicity (a water contact angle of q ¼ 98 ), as well as low water uptake (about 0.45%, kept in boiling water for 72 h). These results suggest that the macromonomer has a potential application in the production of the high performance polymers, in particular, it is very suitable for encapsulation resins or the coatings utilized in the microelectronics industry.
Introduction
High performance polymers have attracted much attention in past decades because of their excellent properties and wide applications in many areas of industry. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These materials usually show high thermostability, good mechanical properties, excellent insulating behavior and moisture resistance.
11-17 Therefore, they have played very important roles in the materials utilized in aerospace, electrical and microelectronics industries. However, most of the polymers show unsatisfactory processability, which needs to be improved. For example, a widely used polyimide with excellent thermostability and high strength, commercially known as Kapton, shows low solubility in the common organic solvents. [18] [19] [20] Moreover, PEEKs, a class of engineering plastics having high T g and high resistance to UV radiation exhibit high melting point and high melting viscosity. 21, 22 Hence, how to realize a balance between the processability and the high performance of the polymers is a challenging task.
In recent years, we are interested in developing the new materials with both high performance and good process-bility.
12,23-26 It was found in our previous investigations that polymers or monomers with triuorovinyl ether (TFVE) groups were more suitable for the preparation of the materials having both satisfactory physical properties and good processability. Those polymers or monomers usually showed good solubility in common organic solvents, as well as low melting point. Upon heating, they easily converted to the crosslinked networks containing peruorocyclobutane (PFCB) structure via thermally induced [2 + 2] cyclodimerization of TFVE groups. 27, 28 The crosslinked networks exhibited good properties including high thermostability, good mechanical strength, low surface energy and dielectric constants, as well as highly visible transmittance. [29] [30] [31] It is noted that spiro-centered polymers usually show high thermostability and good solubility owing to their rigid skeleton and distorted spiro-moiety. 32, 33 However, the dielectric properties of the spiro-centered polymers need to be improved. 32, 33 Based on the good dielectric properties of uoropolymers, we have designed and synthesized a new functional monomer with spirophenol (S-1) as a core and thermocrosslinkable TFVE groups as the arms. The chemical structure of the monomer is depicted in Scheme 1. The monomer showed low melting point (93 C) and good solubility in the common organic solvents. When heated at high temperature, the monomer transformed into a cross-linked network, which exhibited high T g and low dielectric constant, as well as low water uptake. Those results indicate that the monomer can well realize the balance between the performance and processability of the polymers. Based on its good dielectric properties and thermostability, this monomer is very suitable as the encapsulation resin used in microelectronic industry, in which the high performance resins for sealing the devices are required. In particular, the resins with low dielectric constant, good processability, high thermostability and moisture-resistance are desirable.
Results and discussion

Synthesis and characterization
The procedure for the synthesis of the new monomer is shown in Scheme 1. By using a simple Williamson reaction between a spirophenol (S-1) and 1-(bromomethyl)-4-(triuoroethenyloxy) benzene (compound 4), the new monomer D 1 was prepared in a high yield. Initially, we tried to synthesize compound 4 by using a general route. e.g., rstly, brominating compound 1 produced 1-(bromomethyl)-4-(bromotriuoroethyloxy)benzene, which was then treated with zinc to yield the target product via an elimination reaction. However, the bromomethyl (-CH 2 Br) group also reacted with zinc. Thus, compound 4 can not be prepared by using the conventional route. It is noted that a previous report offered a different route for the synthesis of compound 4 by using 4-bromophenol as the feedstock. 34 Such a ve-step procedure gave the product in low overall yield. In particular, dangerous tert-butyl lithium was used for the preparation of an intermediate, suggesting the route can not provide the product in large scale. 34 Fortunately, when we tried to employ a new procedure proposed by our group, 35 using lithium 2,2,6,6-tetramethylpiperidine (LTMP) as base to transform -OCF 2 CF 2 H into -OCF]CF 2 , compound 4 was obtained in an overall yield of about 52%, starting from 4-methylphenol. In that case, -CH 2 Br group in 3 did not reacted with LTMP. It must be pointed out that the reaction of spirophenol S-1 with compound 4 should be carried out in the presence of weaker bases at lower temperature because triuorovinyl ether groups are sensitive to bases. We found that K 2 CO 3 was a better base when the reaction was run at room temperature.
The new monomer D 1 was soluble in common organic solvents such as toluene, ethyl acetate and chloroform. When heated to near 100 C, the monomer melted and changed to a transparent liquid with very low viscosity, suggesting good processability of D 
Thermo-crosslinking reaction
Upon heating, -OCF]CF 2 groups have a tendency to form a crosslinking network via a [2 + 2] cyclodimerization. In our case, the cyclodimerization process was monitored by differential scanning calorimetry (DSC), and the results are shown in Fig. 1 . As depicted in Fig. 1 , D 1 exhibits a melting point at 93 C, and a curing onset temperature of about 150 C. With increasing temperature, the monomer gives a wide exothermic peak at a range of temperatures from 200 to 300 C, implying that D 1 has wide process windows. At second scan, no obvious exothermic peak is observed, meaning that the monomer has been completely converted. The thermo-crossing degree of D 1 was characterized by FT-IR spectroscopy. Fig. 2 depicts the difference of FT-IR spectra between D 1 and thermo-crosslinked D 1 (PD 1 ). As can be seen form Fig. 2 , a characteristic peak at 1835 cm À1 for TFVE disappears and a characteristic peak at 960 cm À1 for peruorocyclobutane (PFCB) appears in PD 1 .
Thermostability and dielectric properties
In many cases, thermo-crosslinking can effectively improve the heat-resistance of polymers. In our work, the thermostability of thermo-crosslinked D 1 (PD 1 ) was investigated by thermal gravimetric analysis (TGA), and the results are shown in Fig. 3 . As exhibited in Fig. 3 , PD 1 has 5 wt% loss temperature of 417 C and a weight residue of 53% at 1000 C (in N 2 ), respectively. These data are higher than many commercial materials such as epoxy and phenolic resins.
36,37
It is noted that coefficient of thermal expansion (CTE) reects the dimensional stability of the materials upon the temperature changes. Fig. 4 depicts the CTE curves of PD 1 at a range of temperatures from 30 to 350 C. It is seen that PD 1 has an average linear CTE of 59.5 ppm C À1 varying from 30 to 150 C, whereas such a value increases to 91.2 ppm C À1 when the temperature is up to 150 C. Fig. 4 also gives a T g value of PD 1 (near 316 C), which is obviously higher than those of most phenolic and epoxy resins.
The dielectric constant and dielectric loss of PD 1 were measured according to standard capacitance method, 25 and the results are illustrated in Fig. 5 . As can be seen from Fig. 5 , the average dielectric constant of PD 1 is less than 2.58, along with dissipation factor of below 0.01 varying from 1 to 30 Hz. Such a low dielectric constant is attributed to the incorporation of C-F bond, which decreases the polarity of the molecule. On the other hand, the formation of peruorocyclobutane units during the curing of D1 can lower the crosslinking density, also resulting in the decreasing of dielectric constant.
12 These results are comparable with that of commercial low-k materials, such as SILK (2.65-2.75), 38 poly(aryl ether) (2.7-3.0), 39 benzoxazine resins (2.81), 40 and benzocyclobutene (BCB)-based polymers (2.65).
41
Water uptake and lm uniformity and mechanical properties It is very important to have low water absorption for the application of the materials in the microelectronic industry. The water uptake test of PD 1 was carried out in boiling water. Aer kept at the water for 72 h, PD 1 showed water absorption of about 0.45%. Such result is better than that of Kapton, a famous commercial polyimide used as the insulating coating in industry, which shows water absorption of 0.74%. 42 In order to investigate the reason why PD 1 showed low water uptake, hydrophobicity of a PD 1 lm also was surveyed by the water contact angle test. To obtain a lm for the test, a solution of D 1 in 1,2,4-trimethylbenzene was heated at 180 C for 4 h to give a pre-polymer. Spin-coating a solution of the pre-polymer on a silicon wafer gave a smooth and transparent lm. The wafer was then moved to an oven, slowly heated to 220 C and maintained at the temperature for 4 h in N 2 . Thus, a full cued PD 1 lm was obtained. On the surface of the lm, the water contact angle was measured as 98.6 ( Fig. 6 ), indicating that the PD 1 lm has good hydrophobicity. Thus, the low water uptake of PD 1 is attributed to the high hydrophobicity of the polymer.
The lm uniformity of PD 1 was characterized by means of atomic force microscopy (AFM). Fig. 7 exhibits the AFM image of the surface of a PD 1 lm on a silicon wafer. In a 3.0 Â 3.0 mm area, the average surface roughness (R a ) of PD 1 lm is about 0.34 nm. Such a low R a value suggests that PD 1 lm have good uniformity.
The nano indenter/scratch system was used to measure the mechanical properties of PD 1 , (as shown in Fig. 8 and Tables S1, S2 †). The results indicated that a PD 1 lm had an average hardness of 0.41 GPa, a Young's modulus of 14.82 GPa and a bonding strength to the silicon wafer of 0.23 GPa, respectively. These data exhibit that PD 1 is suitable as a high performance coating utilized in electronic/electrical devices.
Conclusions
In summary, we have successfully synthesized a new tetrafunctional macromonomer by using a facile procedure. This macromonomer shows low melting point (93 C) and good solubility in the common organic solvents. The monomer can be easily thermally transformed into a cross-linked network, showing high T g , low dielectric constant, good lm uniformity and low water absorption. These good properties suggest the monomer is very suitable as the encapsulation resins or the coatings utilized in microelectronic industry. Fig. 7 AFM image of PD 1 . Fig. 8 The load-displacement curves of nanoindentation tests for a PD 1 film.
